We develop the first systematic theoretical approach to dijet asymmetries in hadron-hadron collisions based on the perturbative QCD (pQCD) expansion and the Sudakov resummation formalism. We find that the pQCD calculation at next-to-leading order is indispensable to describe the experimental data, while the Sudakov resummation formalism is vital near the end points where the pQCD expansion fails to converge due to the appearance of large Sudakov logarithms. Utilizing our resummation improved pQCD approach, we obtain good agreement with the most up-to-date fully corrected ATLAS data on dijet asymmetry in pp collisions. Combining with the BDMPS jet energy loss formalism, we extract the value of jet transport coefficientq0 ∼ 2-6 GeV 2 /fm for the quark-gluon-plasma created in P bP b collisions at 2.76A TeV. This work paves the way for a more complete and deeper understanding of the properties of strongly-coupled QCD medium via the studies of dijet asymmetries in relativistic heavy-ion collisions.
Introduction -Quantitative study of the stronglycoupled quark gluon plasma (QGP) created in heavy ion collisions at the Relativistic Heavy-Ion Collider (RHIC) and the Large Hadron collider (LHC) is one of the cutting-edge research topics in high energy nuclear physics. High energy jets traversing QGP medium undergo multiple scatterings with QGP which induces additional gluon radiation [1] [2] [3] [4] [5] [6] [7] [8] [9] . This implies that jets in a strongly-coupled medium lose energies and receive additional transverse momenta due to the medium-jet interaction. Therefore, jet energy loss and transverse momentum broadening effects can be used as probes to study the so-called transport properties of QGP [10] [11] [12] [13] . In the Baier-Dokshitzer-Mueller-Peigne-Schiff-Zakharov (BDMPS-Z) jet energy loss formalism [2] [3] [4] [5] , the signature of both effects can be attributed to the so-called jet transport coefficientq, which is defined as transverse momentum square transfer per unit length and reflects the density of QGP medium. By computing the nuclear modification factor for single hadron productions, JET collaboration has extracted the value ofq according to RHIC and the LHC data [14] .
In the era of the LHC, dijet process has become a vital tool for quantitatively studying the properties of quark-gluon plasma created in heavy-ion collisions. In particular, the difference between the distributions of dijet asymmetries in P bP b and pp collisions [15] [16] [17] reveals that high energy jets tend to lose a significant amount of energy when traversing QGP medium created in P bP b collisions [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] . In the BDMPS-Z formalism, jet energy loss and transverse momentum broadening effects are two sides of the same coin and tightly related to each other. In our earlier studies [32] [33] [34] , we focused mostly on the studies of the transverse momentum broadening effect via back-to-back dijet (dihadron and hadron-jet) azimuthal angular correlation by using the so-called Sudakov resummation formalism [35] [36] [37] .
Previous theoretical studies of dijet asymmetries are mostly based on Monte Carlo simulations. In this paper, we present the first systematic investigation of this important observable based on the pQCD calculation supplemented with the Sudakov resummation at the end points. First, we find that, similar to event shape observables such as the thrust in e + e − annihilations, the dijet asymmetry in proton-proton collisions can only reach certain range of the asymmetry distribution at given order in the pQCD expansions. Furthermore, at the end point where back-to-back dijet configurations dominate, the Sudakov resummation formalism is switched on since the pQCD expansion fails to converge. Using this combined theoretical framework, we nicely describe the upto-date fully corrected dijet asymmetry data for pp collisions measured by the ATLAS Collaboration [38, 39] without fine-tuning. 1 Using pp results as the baseline, we add the energy loss effect 2 on the dijet asymmetry in P bP b collisions based on the BDMPS formalism, and findq 0 ∼ 2−6GeV 2 /fm for P bP b collisions at 2.76A TeV. Dijet asymmetry in pp collisions -The subject of interest, namely, the dijet asymmetry is defined as
, where p ⊥1 and p ⊥2 are the transverse momentum of the jet with the largest (leading jet) and second largest transverse energy (associated jet), respectively. One often defines a closely related variable
with the following one-to-one mapping
. In fact, A J (or x J ) is a rather complex observable, since it not only involves the amplitude of the dijet momenta, but also implicitly encodes their angular distribution due to the underlying transverse momentum conservation. We should understand the distribution of 1 Despite strong academic and phenomenological interests, all previous theoretical studies are based on the comparison with the uncorrected data [15] [16] [17] which contains detector artifacts. This brings significant ambiguities in the quantitative studies of the energy loss effect. One should only compare our theoretical calculation of dijet asymmetries to the fully corrected data. 2 The contribution from transverse momentum broadening to dijet asymmetry is found to be negligible numerically as expected. x J from two different perspectives, namely, perturbative QCD expansion and Sudakov resummation. PQCD calculation is important in the small x J region, however it diverges in the threshold region x J ∼ 1, where the Sudakov formalism becomes extremely useful. Let us begin with the perturbative QCD expansions as illustrated in Fig. 1 . In collinear framework, tree level 2 → 2 process is the leading order (LO) for inclusive dijet total cross-section, but it is excluded for observables like x J (or A J ) and azimuthal angular correlation since this process gives trivial results such as x J = 1, A J = 0 and ∆φ = π, respectively, simply due to transverse momentum conservation. Therefore, as far as the dijet asymmetry and angular correlation are concerned, the 2 → 3 and 2 → 4 processes as shown in (b) and (c), together with the corresponding virtual graphs, correspond to the LO and NLO contributions, respectively. Based on Ref. [40, 41] , which allows one to calculate dijet cross sections at NLO accuracy, we have numerically calculated x J distributions and the dijet angular correlation up to NLO for pp collisions.
Before presenting our numerical results, we first derive a very interesting lower bound for x J (upper bound for A J ) for a given 2 → n event. Assuming the following three conditions:
1. Total transverse momentum is conserved; 2. Experimental detectors are ideal with 4π coverage, which means there are no missing jets;
3. p ⊥1 and p ⊥2 are the momenta of jets with two largest transverse momenta, one can prove that for 2 → n processes, the largest A J value that can be reached is n−2 n , which corresponds to the lower bound for x J = 1 n−1 . Let us denote p ⊥i with i = 1, 2, · · · , n as the transverse momenta of n final state jets with p ⊥1 ≥ p ⊥2 ≥ · · · ≥ p ⊥n . Using the above setup together with the transverse momentum conservation p ⊥1 + p ⊥2 + · · · + p ⊥n = 0, we have: therefore,
n for 2 → n processes. The above lower bound for x J has interesting and substantial consequence on the perturbative calculation. For example, at LO which starts at O(α 3 s ), the smallest value that one can reach is approximately 1 2 as shown in Fig. 2 , if the rapidity coverage is large enough which guarantees that missing jets are very rare. In the range where Another interesting result in Fig. 2 is that the perturbative expansions fails to converge around x J ∼ 1, where the LO contribution always tends to become large and positive, while the NLO contribution always turns large and negative. It is straightforward to trace the origin of the divergence of pQCD expansion back to the Sudakovtype large logarithms when the measured dijets are backto-back. This can be clearly seen by studying the dijet angular correlations in pp collisions using perturbative calculation and the Sudakov resummation formalism.
In Fig. 3 , we plot the dijet angular correlation using at LO (2 → 3 real process only) and NLO (real and virtual 2 → 3 graphs together with real 2 → 4 contributions) as well as the Sudakov resummation formalism. The LO result can qualitatively describe the shape of the large angle deflection data when ∆φ is far from π. The normalization of LO result is a bit off, since it is sensitive to the choice of the factorization scale µ. In addition, it receives very large and positive logarithmic corrections [e.g., O(α s ln sitive to µ, improves the LO calculation and matches the data much better, as expected. However, the NLO result suffers large but negative logarithmic corrections [e.g., O(α
In contrast, the Sudakov resummation formalism [36, 37] precisely captures this type of oscillating feature and resums the alternating sign series of large logarithmic corrections. The resummed result yields the correct description of the data around ∆φ ∼ π. We should emphasize that the Sudakov formalism is only valid when ∆φ is not far from π, since it performs the all-order resummation of the large logarithmic corrections [e.g.,
, but neglects most of finite corrections. In practice, based on the Born contribution from 2 → 2 process, the Sudakov resummation is carried out in the coordinate space in order to preserve transverse momentum for arbitrary number of soft gluon emissions.
The result in Fig. 3 clearly shows that the NLO calculation can reliably describe the dijet physics when ∆φ is not too close to π, while Sudakov formalism is essential in order to describe the back-to-back dijet configurations for which naive pQCD expansion fails to converge in general. The same argument applies to Fig. 2 : the divergent behavior of the LO and NLO results also originates from the back-to-back dijet configurations, since typical backto-back dijet events give x J ∼ 1. Therefore, in this particular region, one should replace pQCD expansion with the resummed calculation.
To compute the x J and A J distribution and compare with experimental data, here we propose to use the following Sudakov resummation improved NLO formula:
where φ m is the matching point which separates the phase space in the dijet angular distribution between the Sudakov formalism and NLO calculation. Here we set φ m as the maximum point of the NLO curve, i.e., around ∆φ = 3 (see Fig. 3 ), and we have checked that the final x J distribution does not change much with different choices of φ m . A few comments follow the above formula. First, In Fig. 4 , we show the dijet asymmetry x J distributions (in pp collisions) from our Sudakov resummation improved NLO framework, namely Eq. (2) , and compare to the fully corrected data from the ATLAS collaboration [38, 39] , for four different p ⊥ ranges. We emphasize that the dijet asymmetry data published in Ref. [15] [16] [17] contain the contributions from experimental artifacts, such as the detector response and local underlying event fluctuations, which have to be removed through the socalled unfolding process before comparing to our theoretical calculations. We can see that dijet asymmetry distribution in the large x J region can be nicely described by our resummation improved pQCD approach. In the small x J region, although the shape agrees with the data, the magnitude is a bit smaller, which is mainly due to the lower bound x J = 1 3 . The NLO contribution has to vanish near x J = 1 3 and the Sudakov contribution is also diminishing very fast there. This implies that higher order (e.g., next-to-next-to-leading-order) contributions could become important in the small x J region in order to fully describe the dijet asymmetry data. We have checked that this small difference between our theoretical result and pp data affect very little on the extraction of jet transport coefficient of QGP created in P bP b collisions in the following section, when we use x J distributions in pp collisions as the baseline. Dijet asymmetry in P bP b collisions -In order to study the energy loss effect on dijet asymmetry distribution in heavy-ion collisions, and to quantitatively extract the value of jet transport coefficient, we embed the above theoretical framework for the dijet asymmetry calculation in a realistic modelling of the collision geometry and the space-time evolution of the QGP medium simulated via the OSU (2+1)-dimensional viscous hydrodynamics code [44, 45] . According to the locations of the hard collisions and the propagation directions of the produced jets, we can calculate the amount of energy loss experienced by each jet traversing the QGP medium. As a first step, we employ a simple energy loss distribution derived in the BDMPS formalism [46] to calculate the energy loss for dijets. In the limit of high energy jet and small fractional energy loss (i.e., /p ⊥ 1), the energy loss distribution due to multiple soft gluon emissions can be written as:
where
with C R = C F (N C ) for quark (gluon) jets. For typical value of µ 2 r ∼qL ∼ 10 GeV 2 , the strong coupling α s 0.2. Here we parameterize the quark jet transport coefficient as:
, with T 0 = 481 MeV for P bP b collisions at 2.76A TeV at the LHC. To further simplify the calculation, we assume all produced jets are gluon jets since they are the dominant part of measured jets at the LHC for the trigger jet p 1⊥ < 200 GeV. Also to compare our result with the data in Ref. [38] , we have increased the lower cut for the associated jet p 2⊥ > 45 GeV for all four p ⊥ bins. This is motivated by the fact that lower energy jets measured in P bP b collisions suffer from large corrections (as mentioned in Ref. [38] , the correction for 30 GeV jets can be as large as 40%), while the unfolding procedure tends to move the associated jet p 2⊥ towards the leading jet p 1⊥ .
As shown in Fig. 4 ,q 0 ∼ 2-6 GeV 2 /fm can reasonably describe the data in central P bP b collisions at the LHC, for three relatively low p ⊥ bins. For the highest p ⊥ bin (p 1⊥ > 200 GeV), the data favors small value of q 0 ∼ 2 GeV 2 /fm. We believe that this is simply due to the increase of the quark jet fraction with increasing jet energies (see the dotted blue curve which is obtained by assuming all jets are quark jets withq 0 = 4 GeV 2 /fm). The above extracted value ofq 0 amounts to a typical energy loss of about 20-30 GeV for gluon jets, and this value is consistent with our previous finding via dihadron and hadron-jet angular correlation calculation [34] . Assuming the scaling lawq =q 0 T 3 /T 3 0 , one can find thatq ∼ 0.3-0.8 GeV 2 /fm at T = 250 MeV, which is in agreement with the original BDMPS estimate [3] . The data also seems to suggest that the energy loss of jets at the LHC has weak or little dependence on jet energies.
Conclusion -In summary, we have developed the Sudakov resummation improved pQCD formalism to compute the dijet asymmetry distributions for both pp and P bP b collisions at the LHC energies. Our pp calculation can well describe the fully corrected dijet asymmetry data from the ATLAS Collaboration. Combining with the BDMPS jet energy loss formalism, we have obtained the jet transport parameterq 0 ∼ 2-6 GeV 2 /fm by comparing with the dijet asymmetry data in central P bP b collisions at 2.76A TeV. This work serves as a benchmark calculation without much theoretical ambiguity for utilizing dijet asymmetry as a quantitative and precise tool to probe the jet-medium interaction in relativistic heavy-ion collisions.
